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A unifying feature of the large number
of protein structures is that they fall
into a large number of folds, each
with the same overall backbone struc-
ture. The total number of folds in the
entire protein universe is estimated to
be only in the thousands (1). This
clearly indicates that new function
can be developed by adapting existing
folds. But how did we arrive at today’s
set of folds, and how easily might new
folds be created, allowing for the
development of further new functions?
One possibility is of course the cre-
ation of new genes from noncoding
regions of the genome. However, this
appears to be a relatively rare process,
with only a handful of such genes be-
ing created in humans (2). An alterna-
tive possibility is that new folds evolve
out of existing ones (analogous to the
process of ‘‘bootstrapping’’ in com-
puter programs). In such a scenario,
neutral evolutionary drift would allow
a protein to wander in the sequence
space corresponding to its current
fold. If the attractors in sequence space
that correspond to two different folds
overlap, it may be possible for the pro-
tein to make a transition to a new fold
via bridge sequences in the overlap
region. Knowing the highly specific
interactions stabilizing the structures
of folded proteins, such an overlap
may seem unlikely. However, a recent
computational study using lattice
models for folding found a similar
fraction of sequences have multiplehttp://dx.doi.org/10.1016/j.bpj.2014.07.021
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unique native state (~2% in each
case) (3). Although these frequencies
may clearly change when a more real-
istic model is used, they do support
the existence of proteins that bridge
different folds.
In fact, prominent examples have
been discovered in nature as well by
design (4). I highlight here two partic-
ularly elegant cases. The first is a natu-
rally occurring cytokine, lymphotactin.
At low temperatures, this protein pre-
dominantly populates a cytokine fold,
Ltn10 (Fig. 1 a), but as the temperature
is increased, it switches to a homodi-
meric all-b fold, Ltn40, without popu-
lating the unfolded state (5). Each
of these structures is responsible for
carrying out a different function of
lymphotactin. The second example is
a series of designed proteins derived
from two natural sequences, the GA
and GB domains taken from protein
G on the Streptococcus cell surface
(Fig. 1 b). A systematic mutational
study by Alexander et al. (6) has
identified variants of these two pro-
teins whose preferred structure can
be switched back and forth by single
amino-acid substitutions.
The existence of these bridge
sequences suggests many questions
regarding the mechanism by which
such a switch could occur. How rare
are the bridge sequences? How rapidly
does sequence variation commit a
sequence to a given fold? What is the
interplay of new protein function with
the acquisition of a new fold? Given
the vastness of sequence space, these
are challenging questions to answer
by experiment alone.
In this issue of the Biophysical
Journal, Holzgra¨fe and Wallin (7)
tackle this problem by using a simpli-
fied simulation model to represent
a fold transition. By using a reduced
sequence alphabet and a coarse-
grained simulation model, they are
able to sample both sequence and
configuration space, allowing them to
determine the stability of each folded
state for the different sequencesconsidered. They are able to show
firstly that the transition between folds
is fairly sharp: that is, only a few muta-
tions are sufficient to obtain a complete
switch from one fold to another. This is
consistent with the detailed mutational
study on the GA/GB system (6).
In order to include a simple proxy
for function in their model, they assign
to each fold a binding partner: thus,
function can be assessed by the bound
population. Interestingly, they find that
the transition between different func-
tions has distinct characteristics from
the fold transition.
First, it does not occur as rapidly as a
function of sequence, with proteins
with only a minor population of a
given fold still able to bind the partner
associated with that fold.
Second, the point in sequence space
at which the functional transition oc-
curs may be shifted from the point at
which the structural transition occurs
(presumably controlled by the relative
affinity for the binding partners).
In contrast to the two experimental
cases discussed above, the model
considered by Holzgra¨fe and Wallin
(7) has a significant unfolded popula-
tion at the transition midpoint, with
approximately half of the molecules
folded into one native structure or
the other. This may be related to the
relatively limited sequence space that
they can explore, and perhaps other
pathways that maintain a low unfolded
population do exist. However, it is
qualitatively consistent with the fact
that in the designed GA/GB system,
the sequences that are closest to the
bridge between folds have the lowest
overall stability (6). It is also somewhat
to be expected, as the constraint to fold
into two native states rather than one
implies some frustration in the design
of the optimal sequence.
This raises the question of whether
in nature it would be possible for a
sequence to cross between folds via
a route where neither folded state is
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FIGURE 1 Bridges between protein folds. (a)
Naturally occurring fold switch in Lymphotactin
(2). (Left) Ltn10; (Right) Ltn40. (b) Designed
bridge between GB (left) and GA (right) folds.
(c) Different possible routes between folds in
sequence space: (i) direct switch between folded
domains without populating unfolded state; (ii)
route via destabilized intrinsically disordered
domain. To see this figure in color, go online.
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with a large unfolded population in the
cell is undesirable due to its propensity
for aggregation, and likely rapid degra-
dation by the cellular machinery. Based
on this consideration, a pathway thatmaintains a fully folded state for all
sequences, such as path (i) in Fig. 1 c,
would seem to be favored. However,
an alternative route may be possible.
Protein sequence space can also
be approximately divided (at the most
basic level) into regions correspond-
ing to folded and intrinsically disor-
dered proteins (8,9). The disordered
sequences in this diagram tend to popu-
late only unfolded states in the absence
of any ligand. They also have lower
overall hydrophobicity and higher net
charge per residue, and so do not tend
to aggregate, which an unfolded glob-
ular protein would. If a sequence were
tomigrate first toward the disordered re-
gion, itmay be able to switch folds there
without the need to maintain a folded
structure at all times.
To be clear, when the protein is
disordered it is mostly unfolded, but
it may be considered as part of a given
fold if it populates that fold via the ex-
tra stability conferred by binding to its
functional partner. Given that there are
several known examples of disordered
sequences adopting different folded
structures upon binding to different
partners (10), an alternative route
between folds may be similar to path
(ii) in Fig. 1 c. This alternative possi-
bility would presumably relax the
sequence design requirements, relative
to the need to always populate one of
two folded structures, and may facili-
tate the development of new folds.
Computational and theoretical models
such as that in Holzgra¨fe and Wallin
(7) will greatly help further investiga-tion of mechanisms for the generation
of new folds, especially in combination
with the development of experimental
model systems.REFERENCES
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